Abstract-The International Organization of ITER (International Thermonuclear Experimental Reactor) specifies a requirement of 3 mm in diameter for the largest permissible flaw in the joint of the beryllium (Be) armor tiles and the underlying heat sink made of a copper-chrome-zirconium (CuCrZr) alloy for the first wall (FW). We investigated the sensitivity of a new non-destructive process of detecting these flaws using a method in which we mapped the phase lag of the temperatures on the surface of a sample during thermal cycling with a sinusoidally varying water temperature. A method with hot-cold water test that we had pioneered during the 1990's for the development of a watercooled mid-plane modular limiter for Tore Supra had worked well with the high conductivity armor made of pyrolytic graphite brazed to copper tubes. The paper describes the experimental system, test samples and some experimental results.
INTRODUCTION (HEADING 1)
The first wall of ITER (International Thermonuclear Experimental Reactor) is a set of over 1900 panels, each divided into "fingers" that have beryllium (Be) tiles, as the plasma-facing material, joined to a water-cooled heat sink made of a copper-chrome-zirconium (CuCrZr) alloy that has a water-cooled stainless steel backing plate. Six different party teams are proposing to produce the first wall (FW) for ITER. The nominal operational load for the FW is approximately 30,000 pulses of plasma and nuclear heating at levels of 0.2-0.5 MW/m 2 on the surface and 5-10 W/cm 3 of volumetric nuclear heating. The US will provide three toroidal rings of First Wall Shield (FWS) modules, positions 7, 12 and 13, and the two port limiters. [1] In the US, a team led by Sandia National Laboratories will develop the details of the design of the FW and work with industry to develop promising techniques for joining the Be armor to the CuCrZr heat sink and the heat sink to a stainless steel back. A US Industrial Team will use the joining technology to fabricate the US FW components. Sandia previously investigated joining of Be for ITER and has recently restarted R&D on joining Be (S65-C) tiles to CuCrZr with hot isostatic pressing using an interlayer that is the subject of ongoing R&D. [2] [3] [4] Our testing of heat sinks has included testing of Be, which requires special precautions.
As an initial step to qualify the processes and materials for producing the first wall, the ITER Parties responsible for the FW (EU, Japan, Korea, China, Russia and the US) will fabricate small mockups for fatigue testing in the Plasma Materials Test Facility at Sandia National Laboratories or at a European Union (EU) test facility. The mockups will receive 12,000 thermal cycles of 45 s ON 45 s OFF at an absorbed heat flux of 0.65 MW/m 2 , which is slightly greater that the nominal peak wall load of 0.5MW/m 2 to simulate the additional contribution of nuclear heating. [1] As early as possible in our R&D, we wish to implement a method for detecting flaws in the joining of the Be armor to the CuCrZr. The desired method for flaw detection is a process that (a) is relatively quick and inexpensive, (b) can be readily adapted to industrial fabrication, and (c) has appropriate resolution. Appropriate resolution means that the criteria for inspection be based on design, analyses and testing that relate the flaws that can be readily detected to reasonable goals for the performance of the component. We have been investigating a method of infrared thermography as a potential QA technique. Our paper describes the experimental system and test samples and presents some experimental results of our experiments.
Sandia has experience with testing of many water-cooled plasma facing components and with techniques for evaluating their thermal performance. In a collaboration with the Tore Supra Project during the 1990's to develop a water-cooled mid-plane modular limiter for Tore Supra [5] , Sandia pioneered a thermography method [6] in which we passed hot and then cold water through copper coolant tubes brazed to high conductivity armor made of pyrolytic graphite brazed and monitored the surface temperature of the armor. We also related the results to a series of known flaws and had performed extensive analyses with regard to their effect on the performance of the component [7] and have noted the importance of such inspection procedures generally in the development of plasma facing components. [8] [9] Subsequently, the team at Cadarache developed its own thermography facility, SATIR. [10] At the outset here, let us acknowledge Vladimir Rozov (IO) who suggested that the approach with thermal cycling might provide more sensitivity than our previous method of hot water tests that used a single rapid hot-cold transition that simulated a Heaviside function in the temperature of the water versus time.
ITER has specified in the design requirements for the FW a flaw size of 3 mm as the largest permissible flaw in the joint of the Be armor tiles and the CuCrZr. However, it is not clear that flaws of this is or even larger have a significant deleterious impact on the temperature of the first wall or the resistance to fatigue failure. II. APPROACH The basic elements in this approach are (a) the apparatus with gas heaters upstream of the inlet to the test section, (b) the diagnostic and control system with heater controllers, thermocouples and flow meters in the water, and the infrared (IR) camera system, and (c) the software and data processing with which we extract information about the flaws. We control the heaters to produce a regular sinusoidal variation in the temperature of water. Fig. 1 shows the arrangement. We use the acronym PLITE (Phase Lag Infrared Thermal Examination) for both the approach and the equipment.
Using PLITE to heat and cool a test specimen, we apply a known condition at a boundary, in this case the temperature of the water in the coolant channel, and measure the temperatures on the specimen's surface. This distribution of temperature is called a T-map here. Where heat flows along a path of high conductance, the temperature rises more rapidly than where heat flows in a material of lower conductivity or where a flaw (discontinuity) retards the flow of heat. For each test we collect a series of T-maps over time. When we normalize this temporal delay to a reference location on the specimen and the period of the cyclic heating of the water using a fast Fourier transform, this parameter becomes a "phase lag" and we can create a "P-map" of the phase lag. In a sample with a flaw, the temperature on the surface will rise more slowly in the spot near the flaw as compared to a similar sample without the flaw, and the respective P-maps will show this difference. Another process using the same raw data is to create a cross correlation, rather than a phase lag, based on how well the actual time to reach the expected temperature correlates with a reference time at a reference location.
In our experiment with PLITE, the general objective was to assess the sensitivity of this technique for (a) our specific combination of materials, i.e., Be armor joined to a watercooled CuCrZr substrate, and (b) a set of test conditions that were easy to apply, e.g., water modulating in temperature between 30 and 60°C with a sinusoidal period of ~30 s. We prepared specimens with known flaws and one without flaws, monitored surface temperatures versus time for these specimens through several cycles, and then created P-maps of the phase lag between surface locations or CC-maps (cross correlation maps) and compared these maps to those for an unflawed test specimen. The maps give information about both the size and location of a flaw. Initially we also tested some Russian specimens that we had on hand, but we had no independent information on the flaws in these.
We use an Inframetics 760 infrared (IR) camera. To display and archive the IR images, we use both commercial software and an in-house application, SandIR 1 . We analyze these data with the phase lag or cross correlation techniques using fast Fourier transforms. The details of this numerical manipulation are not covered here, but more information may be found on the Sandia website and in Ref. 11 .
III. RESULTS
The specimens for this test had a coolant passage 10 mm in diameter in a Cu (copper) heat sink joined to armor 25.4 x 25.4 mm, 10 mm thick and made of Al (aluminum), used here as a surrogate for Be. Fig. 2 shows the configuration and the calculated distribution of temperature at the end of the second 32-s thermal cycle. The water flow goes from right to left in the figure, and the location of a 5-mm diameter void that represents a joining flaw is evident. In this model, the temperature of the water was cycled between 25 and 45°C and the distribution of temperature in the figure occurs as the water temperature is ~35°C at the beginning of the third sinusoidal cycle.
The temperatures were calculated with the computational fluid dynamics (CFD) code, CFdesign® 2 . The scale in the figure covers a narrow range of temperature, only 34 to 38°C, and the temperatures on the top surface range over 1 SandIR is a software application developed by Dennis Youchison that interprets and displays data from our IR cameras. Among several unique capabilities is a tool that permits remapping of the active IR image with reassignment of the emissivities in multiple user-designated areas. only a few tenths of a degree. Our hope, of course, was that using the phase lag technique would provide additional discrimination in interpreting the time-dependent history of this distribution of temperature. Fig. 3 shows two P-maps (phase lag maps) related to the CFD modeling results. The upper plot is for a model without a flaw and the lower plot corresponds to a test article similar to the Russian copper monoblock with a heated surface of ~25 x 25 mm, but with a 5-mm-diameter flaw. The numerical value of the calculated phase lag is such that, at locations where the temperature rises more quickly, this value is higher than at a location where the temperature rises more slowly. In the Pmap, the reference point is on the inlet end of the sample, and the outlet end has a larger phase lag. Midway up the P-map, at the location corresponding to the surface above the flaw, there is a noticeable depression in the phase lag, whereas at the top and the bottom of the P-map the phase lag is greater in the center of the sample than on the sides. The modeling was done with data that represented a period of 32 s and sets of data taken each second (n=32). Results of this type, if observed in experiments, would confirm the usefulness of the technique. The test on the Russian monoblock indicated that there might be some joining flaw between the tube and the monoblock, but we did not have corresponding evidence for comparison, and at that point we were awaiting the testing of our own Al/Cu test specimens.
We evaluated PLITE using the techniques of fast Fourier transform phase shift and cross correlation with data from the IR camera data for Al/Cu specimen #100702, which had a 5-mm flaw, and a swing of ~7°C in the temperature of the water. The initial results were more convoluted than had been anticipated, and even the unflawed tile showed some features indicative of a poor thermal joint. Additional characterizations of this specimen using ultrasound and computerized x-ray tomography showed the presence of unintended flaws in either or both of (a) the Sn braze layer and (b) the electrodeposited Cu layer at the Al/Cu interface. A good result from the initial experiment was that the PLITE technique responded to both the intentional and unintentional flaws. However, the poor joining made this initial evaluation of PLITE less than definitive.
We subsequently prepared a Cu/Cu specimen with four joined tiles for testing with PLITE. Fig. 4 shows the parts for this Cu/Cu specimen, which had significantly larger mass than the smaller samples previously modeled and tested. Fig. 5 shows the pattern of the flaws at the levels of (a, top) the flaws themselves and (b, middle) the braze joint. The bottom two plots in this figure show the T-maps from the IR view of the heated surfaces of tile Cu-1 at right and Cu-4 at left. Tile Cu-4 has a prominent 5-mm-diameter in the center of the joint plus some other, smaller engineered flaws. Tile Cu-3, next to Cu-4, has a 3-mm flaw, two 2-mm flaws and four 1-mm flaws. In the tests of this specimen with typical conditions of a temperature range form 20 to 40°C, flaws were not readily recognizable in the P-maps from the phase lag analyses. The cross correlation technique did produce a recognizable region (indicated in Fig.  6 and more recognizable in the colorized original) that could be associated with the 5-mm flaw in tile Cu-4, but similar results for tile Cu-3 with the 3-mm flaws were inconclusive.
IV. CONCLUSIONS
Our initial evaluations with PLITE used a fairly narrow range and easily applied range of ±5 to 10°C. Our initial analyses had indicated this range would provide sufficient accuracy for combination of materials, and we sized the heaters for our system based on these analyses. The first round of tests with known flaws in Al/Cu test specimens was inconclusive because of faulty jointing of the specimens. Later tests, with brazed Cu/Cu test specimens, which had significantly greater mass than the cases we initially modeled, did not produce the clear discrimination that we desired. In these tests, the judgment of whether a flaw was present depended too much on the "eye of the observer." This lack of clear discrimination was unacceptable. The primary limitation in the apparatus we constructed was the power of the heaters.
Two factors could increase the resolution of this technique. First we would expect better resolution if we increase the range of temperature in the water or shorten the period, since then the transitions would be faster. Second, the resolution also depends on the fidelity of the sinusoidal variation in temperature. With our present heaters and controllers, we cannot make these changes and investigate their effects. We may further explore PLITE or simple IR thermography with a rapid hot-cold transition in the future and upgrade the system with new heaters. We are not currently continuing the PLITE experiments with the present configuration. 
